Abstract-Advances in computing and networking are generating a significant demand for video-on-demand (VOD) applications. In this paper, the condition for minimum blocking probability of a VOD system is derived. The optimal load-sharing requirement in such a system is found so that the minimum blocking probability is achieved. A combination of genetic algorithm and modified bin-packing algorithm is then developed for the multimedia file placement exercise. It is demonstrated that a specified blocking probability can be achieved while the capacity usage is minimized simultaneously.
I. INTRODUCTION

W
ITH THE advanced technologies now developed in the areas of high-speed networks and multimedia, video-ondemand service (VOD) is considered as the emerging trend in home entertainment, as well as in education, banking, home shopping, and interactive games [14] . Such multimedia experience is expected to blossom when the broadband access networks are available.
In order to provide a large variety of program contents, thousands of multimedia files, encoded in MPEG format, are stored in a video server which consists of multiple disks (or disk arrays) [21] . These multimedia files can be obtained on demand by a large number of geographically distributed users. Once there is a user's request, the particular file, in the form of a data stream, is directed and transmitted from the disk to the set-top box installed in the user's premises using a broadband connection.
The task of allocating multimedia files to the video server is currently handled by an experienced operator which implies a suboptimal and personnel-dependent solution. The complexity of such a problem increases exponentially with the number of files and disks in the video server. The level of difficulty thereby escalates, and the current solution will give rise to higher request blocking ratio and dissatisfaction to customers.
The design of an optimal file placement is considered as being a multiobjective, highly constrained, and noncontinuous problem. Although different heuristic approaches have been The authors are with the Department of Electronic Engineering, City University of Hong Kong, Kowloon, Hong Kong (e-mail: kstang@ee.cityu.edu.hk; ewong@ee.cityu.edu.hk).
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proposed [11] , [20] , they are focused on a system with multiple servers in a VOD network, assuming a single disk per server. In [15] , a popularity-based approach is developed for multiple disks based on the information of popularity. The algorithm is designed for a homogeneous system with identical disks, and assuming that all multimedia files have the same duration. A similar analysis of the storage cost is given in [1] for distributing movies across disks. However, different types of disks may coexist in the video server and the durations of the multimedia files usually vary from a few minutes for short video clips to more than two hours for movies.
In this paper, an optimal condition of load sharing for minimum blocking probability is constructed numerically in such a heterogeneous system while the solution is obtained effectively by an iterative approach. A genetic algorithm, together with a heuristic bin-packing algorithm, are designed such that the optimal number of copies of the multimedia files and their corresponding disk locations are determined.
The organization of this paper is as follows: In Section II, the condition for minimum blocking probability of the heterogeneous VOD system is derived. The optimal file placement strategy using the genetic algorithm (GA) and modified binpacking algorithm is explained in Section III. The effectiveness of the proposed strategy is demonstrated in Section IV. Finally, conclusions are made in Section V. Fig. 1 depicts a centralized multimedia file storage system [1] with multiple storage disks for a VOD system. Due to the drop in storage cost and the expanding I/O bandwidth using the disk striping technique [16] , such a system becomes economically feasible.
II. MINIMUM BLOCKING PROBABILITY IN VOD SYSTEM
An entire multimedia file, in MPEG compressed format, is stored on a single disk. Interleaving is not recommended because of the adverse effect on its reliability with a single disk failure [8] . The number of concurrent accesses to a particular file is limited by the disk throughput. For an MPEG-1 video, 1-2 Mbps I/O bandwidth is required for its transmission (and 2-20 Mbps transmission for MPEG-2).
The demand rate for a multimedia file creates its popularity profile, defined as the probability of a file being requested by a user. Zipf's law is usually employed [19] to model the popularity profiles within a site. Another commonly used assumption is the uniform popularity, which means that all files are equally likely to be requested. Assuming that the requests can be considered as a Poisson arrival process with average rate and mean service time , the traffic intensity of the VOD system is computed as (1) If the request of a multimedia file is randomly assigned to one of the disks storing that file and there is no retry mechanism, each disk can be modeled by an queueing system where stands for Markovian or memoryless interarrival time, refers to a general service time distribution, and is the number of I/O streams available in the disk. Assuming that portion of the total traffic is allocated to disk , the blocking probability of disk having I/O streams can be computed using the following Erlang B formula [2] : (2) where . The blocking probability of the overall system is then derived [9] by (3) where and is the total number of disks. Using the method of Lagrange multipliers, define (4) Differentiating with respect to , and setting the result to zero for minimization, we have (5) Hence, the condition for minimization is to have such that or (6) where and is a constant. The vector can be found by an iterative approach. Defining the following procedures are designed. In order to compute the value of in step 2 such that , a gradient search with the following procedures can be used.
1. Set the initial value ; 2. while where is a small positive constant and
The small positive constants and are used to govern the accuracy of the solution, while controls the rate of convergence of the gradient search. 1 Example: It is assumed that there are 20 storage disks in the video server of a VOD system. Disk #1-#15 are type-A disks which can support 50 I/O streams simultaneously while disk #16-#20 are type-B disks which can only support 30 I/O streams.
Let requests per minute and minutes, the optimal values of for type A and type B satisfying (6) are 0.056 053 1 and 0.031 840 6, respectively. The minimum system blocking probability is 0.029 890 5. It takes about 90 ms in a Pentium 133 machine with and set as 0.01, 10 and 10 , respectively, to calculate the above results using the proposed procedures.
III. OPTIMAL MPEG PLACEMENT SCHEME
In order to set up the video server in a VOD system, it is required to identify the number of copies of each multimedia file and their corresponding disk locations. There are two major objectives in order to optimize the system performance and provide a specified service quality: 1) to minimize the total capacity usage of the server; 2) to minimize the blocking probability of the VOD system. The problem is also subjected to the constraint on the disk capacity. In other words, the capacity of each disk must not be exceeded.
In this paper, the GA [17] together with a modified bin-packing algorithm, known as Highest Load First (HLF), are proposed. The gene of the chromosome in the GA is to reflect the number of copies of each multimedia file, while the HLF algorithm will search for the optimal file placement scheme of that chromosome such that a minimum blocking probability is found.
A. HLF for Optimal Blocking Probability
Assuming that the request of a multimedia file is randomly allocated to one of the disks storing that particular file, the probability of accessing each copy of multimedia file can be computed as where and are the number of copies and the popularity of file , respectively.
If no retry is allowed in the system, the probability in accessing a disk can be computed as (7) where implies that file is stored in disk . 1 Since q = q if L = L and '(q ; L ) = '(q ; L ), the computation time is reduced by only finding the value of q in step 2 when the number of I/O streams of disk j is different from the previous disks.
The mean service time and the arrival rate of disk can then be derived by where is the average holding time of multimedia file . is generally proportional to the duration of the video , or with determined by the customer behavior, like fast forward, pause, and rewind actions. For simplicity, it is assumed that or . Hence, given a set of the number of copies of the multimedia files, where is the number of multimedia files, the minimum blocking probability is achieved when or for (8) where and is the optimal load sharing of disk obtained in Section II.
Such a problem can be reduced into a bin-packing problem as putting the elements of size into the bins with space for . Unlike the conventional binpacking problem [3] , [13] in which the number of bins is to be minimized, our objective is to allocate the elements such that all the bins are "just full" meaning that (8) is satisfied.
Similarly to the conventional bin-packing problem, the sequence of the elements to be put into the bin may affect the effectiveness of the algorithm. In general, there are four different reordering approaches.
1) The descending approach arranges the elements from largest size to the smallest. 2) The ascending approach arranges the elements from smallest size to the largest. 3) The random approach arranges the elements randomly. 4) The regular approach maximizes the distances between similarly sized elements. Due to the discretization effect of the element's size, it is expected that the descending approach will be more effective as the element with larger size is allocated first. Such advantage is also demonstrated in our simulation results given in Section IV.
The file placement algorithm is, hence, designed as follows. 
B. GA
The GA [12] has been demonstrated as a powerful optimization tool for the multiobjective problems [7] , [17] . It is inspired by the mechanism of natural selection, where stronger individuals would likely be the winners in a competing environment.
In this placement problem, the chromosome is in the form of an integer string . The upper bound of each gene is , while the lower bound is determined as the smallest positive integer satisfying the relationship . The operational cycle of the overall system is depicted in Fig. 2 . A detailed implementation of the GA may be found in [17] and [18] .
1) Crossover and Mutation: A multipoint crossover [17] , [18] is adopted in our system to exchange the information between chromosomes. For mutation, each gene of the chromosome is randomly altered within the searching domain with a small probability [18] .
2) Objective Functions:
The two objectives explained in Section III are formulated as follows.
1) The objective function is defined as the total capacity usage (9) where is the size of the multimedia file .
2) The objective function is defined as the percentage deviation between the optimal blocking probability obtained by the HLF algorithm in Section III-A and the minimum blocking probability computed as explained in Section II. Hence, %
3) Constraint Handling: The solution can only be found by the HLF if the disk capacity constraint is fulfilled. If no solution is found, penalty values are assigned to the objectives so as to reflect the condition of the low performer.
4) Pareto-Based Fitness Assignment:
Instead of aggregating the objectives with a weighting function, the multiobjective approach [5] , [6] is applied. Assuming that chromosome is dominated by other chromosomes in the population, its rank is determined as (11) Hence, a Pareto-based fitness can be assigned to each chromosome according to its rank in the population.
Pareto-based ranking can correctly assign all nondominated chromosomes with the same fitness. However, the Pareto set may not be uniformly sampled. Usually, the finite population will converge to only one or some of these chromosomes, due to stochastic errors in the selection process. Therefore, the techniques of fitness sharing [10] and mating restriction [4] are adopted in our design to prevent the drift, and to promote the sampling of the whole Pareto set by the population. 
IV. EXPERIMENTAL RESULTS
The system configuration of the example given in Section II is used in the following tests. The popularities of the multimedia files are assumed to be governed by Zipf's law and computed as follows: (12) where and is a constant describing the popularity distribution of the files.
A. Test 1
It is assumed that the contents of the VOD system consist of 200 multimedia files encoded in MPEG 2, randomly selected from several types of videos. The durations of the videos are depicted in Fig. 3 , and the popularities are assigned according to the file IDs using (12) with [1] . The traffic intensity is assumed to be 744.3 with requests per minute and minutes. Fig. 4 shows all the rank 1 solutions in the final population after 10 000 GA cycles.
The mark "A" indicates the best solution found if a maximum deviation of 0.03% from minimum blocking probability is allowed for customer requirement. The blocking probability and the capacity usage are 0.029 899 5 (0.029 874% deviated from the minimum blocking probability) and 404.274 GByte, respectively. Only one file requires two copies as reflected by the very small increment in the capacity usage comparing with 403.92 GB, the sum of the size of all multimedia files.
B. Test 2: Different Reordering Approaches
Using the solution of the file copies obtained in Test 1, the four different reordering approaches explained in Section III-A are applied. The results are tabulated in Table I for comparison.
It can be observed that the descending approach has the best performance and the result obtained is close to the ideal blocking probability, while the ascending approach has the worst result.
C. Test 3: Duration and Popularity
Since the relationship of the popularity and the duration may vary from case to case, three different situations are studied.
• Case 1: The video with shorter duration has the higher popularity.
• Case 2: The video with longer duration has the higher popularity, • Case 3: The rank of the popularity is randomly assigned (same as Test 1). All the conditions in Test 1 are kept, and the solution found by the GA on these three different cases are tabulated in Table II.  Table III tabulates the best solution using the HLF if only a single copy is allowed for each file. It can be easily observed that the design specification is violated in all three cases. By comparing Tables II and III, a small increment in capacity usage makes the customer specification achievable.
D. Test 4: Popularity Distribution
The distribution of the popularity implies different customer behavior in request. If is small, the popularity is more uniform. While requests are concentrated onto a few multimedia files, is increased, as illustrated in Fig. 5 .
Assuming that the traffic intensity is fixed and equal to 744.30, the following different values of are tested:
• (uniform distribution); • (same as Test 1); • . Similarly, a maximum deviation of 0.03% from minimum blocking probability is specified for customer requirement. The solutions obtained by the GA are tabulated in Table IV . Similarly to Test 3, a small increment in the capacity usage causes a significant improvement as compared in Tables IV and V.  Table VI tabulates the best solution using the HLF if two copies are made for each file. It shows that the design specification can only be achieved when . Together with Table V, it is concluded that proper distribution of copies should be assigned in order to minimize the blocking probability as well as the capacity usage.
V. CONCLUSION
In this paper, the minimum blocking probability of a heterogeneous VOD system with different types of storage disks and multimedia files was derived. It provides not only the lower bound of the blocking probability, but also the required load sharing of the system.
A heuristic approach based on the concept of bin packing is developed to achieve the optimal load sharing. Together with the GA, the optimal number of copies of each multimedia file and their corresponding disk locations were determined. The results demonstrated that a specified blocking probability can be achieved in such a heterogeneous VOD system while the capacity usage is minimized at the same time.
